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ABSTRACT
The search for life on exoplanets is one of the grand scientific challenges of our time.
The strategy to date has been to find (e.g., through transit surveys like Kepler) Earth-
like exoplanets in their stars habitable zone, then use transmission spectroscopy to
measure biosignature gases, especially oxygen, in the planets atmospheres (e.g., using
JWST, the James Webb Space Telescope). Already there are more such planets than
can be observed by JWST, and missions like the Transiting Exoplanet Survey Satellite
and others will find more. A better understanding of the geochemical cycles relevant to
biosignature gases is needed, to prioritize targets for costly follow-up observations and
to help design future missions. We define a Detectability Index to quantify the likeli-
hood that a biosignature gas could be assigned a biological vs. non-biological origin.
We apply this index to the case of oxygen gas, O2, on Earth-like planets with varying
water contents. We demonstrate that on Earth-like exoplanets with 0.2 weight percent
(wt%) water (i.e., no exposed continents) a reduced flux of bioessential phosphorus lim-
its the export of photosynthetically produced atmospheric O2 to levels indistinguishable
from geophysical production by photolysis of water plus hydrogen escape. Higher water
contents >1wt% that lead to high-pressure ice mantles further slow phosphorus cy-
cling. Paradoxically, the maximum water content allowing use of O2 as a biosignature,
0.2wt%, is consistent with no water based on mass and radius. Thus, the utility of an
O2 biosignature likely requires the direct detection of both water and land on a planet.
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1. INTRODUCTION
1.1. The Search for Life on Exoplanets
One of the grand challenges of our time is to
find the signs of life on planets around other
stars. Whether there is life elsewhere in the uni-
verse is a question that people have pondered for
millennia, but only in the last few decades have
the tools been acquired to observe exoplanets
and potentially answer the question. The iden-
tification of the signs of life on an exoplanet
where no life existed, or the failure to detect it
on an exoplanet bearing life are all-too-possible
outcomes, and would be equally tragic.
The current strategy for finding life on ex-
oplanets requires two levels of astronomical
observation: exoplanet classification, and at-
mospheric characterization. First, radial ve-
locity, transit, and/or transit timing variation
(TTV) methods can identify the mass, planet
radius, and orbital radius that together can
be used to classify an exoplanet as Earth-
like and whether it is in its stars habitable
zone. Second, visible and infrared transmis-
sion spectroscopy or reflectance spectroscopy
can characterize atmospheric gases such as
ozone, diatomic oxygen, carbon dioxide, wa-
ter vapor, and possibly methane (Deming et al.
2009; Domagal-Goldman et al. 2016; Kalteneg-
ger 2017; Kaltenegger & Traub 2009; Lovis
et al. 2017; Meadows 2017; Meadows et al. 2018;
Schwieterman et al. 2018). The presence of
oxygen (i.e., O2 and O3) in the atmosphere of
a rocky planet is widely considered a robust
biosignature (Meadows et al. 2018).
The pace of planet detection and character-
ization has increased exponentially over the
past decade and now the exoplanet community
has an abundance of potential astrobiologically-
relevant targets. The Kepler mission identified
over 2600 exoplanets. There already may be
(and certainly will be) more Earth-sized (i.e.,
radius, R < 1.5 REarth), rocky exoplanets in
their stars habitable zones than can be analyzed
with follow-up observations (Fulton et al. 2017).
The new Transiting Exoplanet Survey Satellite
(TESS) is currently identifying exoplanets, and
future missions like the PLAnetary Transits and
Oscillations of stars (PLATO) will find thou-
sands more planets, potentially adding dozens
more to the list of exoplanets in their stars hab-
itable zones, further expanding the backlog of
Earth-like exoplanets for follow-up observations
(Rauer et al. 2016; Sullivan et al. 2015). These
follow-up studies are time-consuming, and there
will not be sufficient telescope time available to
probe the atmospheres of all of these habitable
rocky exoplanets (Morley et al. 2017). To em-
phasize this point, the James Webb Space Tele-
scope (JWST) is estimated to be able to charac-
terize the atmospheres of only 5 exoplanets over
its mission lifetime, creating the need to max-
imize the chances of a true positive detection
(Brown & Soummer 2010). At present, the ex-
oplanet community is beginning to develop sys-
tematic guiding principles to help select targets
and prioritize exoplanets for follow-up observa-
tions (Meadows et al. 2018; Desch et al. 2018;
National Academies 2018). The search crite-
rion that has served the community well until
nowhabitability, as defined by orbital parame-
ters allowing the possibility of sustaining liquid
water on the surfaceis no longer sufficiently re-
strictive.
1.2. Moving Beyond ’Habitability’ in the
Search for Life
We advocate use of a more restrictive criterion
for exoplanet target selection: detectability of
life. Of course, to detect life, life must be able
to exist on a planet, so we cannot discard the
concept of habitability. However, habitability
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as a criterion is not especially selective and is
no longer sufficient: we have or will soon dis-
cover more than enough planets that are con-
servatively habitable.
Oxygen may be the best biosignature for as-
trobiology due to the relative ease with which
it can be measured (Catling et al. 2005). On
Earth, atmospheric oxygen exists because of
life. But oxygen will not indicate life on
all planets (Meadows 2017; Meadows et al.
2018). A number of false positive scenarios
(e.g., for Venus and Mars, or for water-rich plan-
ets around M dwarfs) have been identified that
could give rise to abundant oxygen in the at-
mosphere of a planet by purely non-biological
processes (e.g., Domagal-Goldman et al. 2014;
Luger & Barnes 2015; Meadows 2017). Dis-
entangling the geological and biological oxygen
signals requires detailed knowledge of a plan-
ets geological processes and geochemical cycles.
There are many exoplanets where life may very
well exist but would not be detectable. What
the community needs is a continuous-scale cri-
terion for selecting those exoplanets for which
life, if it exists, would be detectable and dis-
cernible against the non-biological, geochemical
background of the planet.
2. QUANTIFYING DETECTABILITY: THE
DETECTABILITY INDEX
Habitability as a criterion to inform future
time-intensive spectroscopy of exoplanet atmo-
spheres is insufficient as it is a discrete, binary
output: habitable or not-habitable. Detectabil-
ity, however, can be conceptualized and quanti-
fied on a continuous scale, such that given any
number of habitable exoplanets we can calculate
a detectability index of a biosignature molecule
that considers the geochemical context. This
allows astronomers and astrobiologists to max-
imize the likelihood of an unambiguous signal
of life. To be quantitative in our assessments
of whether a biological signature would be dis-
cernible above the geochemical background of
a planet, we define a Detectability Index (DI)
unique for every putative biosignature molecule
in the atmosphere of a planet:
DI(gas,planet)=
log10(
Maximum net biological gas production rate
Gross geological gas production rate
).
(1)
This equation uses estimated or modeled rates
of biosignature molecule creation and destruc-
tion by biological and non-biological sources to
quantify the relative magnitude of a biological
signal. DI is expressed as the logarithm of a po-
tential biosignature gas, because the rates can
vary by several orders of magnitude. To do so,
it is important to review how life would be de-
tected on an exoplanet using a biosignature gas;
here, we use O2 as an informative example.
It is important to note that the presence of a
gas does not by itself indicate life; life is in-
ferred only if the presence of a gas demands
production of the gas at rates only attributable
to life. Transmission spectroscopy can be used
to determine the abundance of O2 in a plan-
ets atmosphere. On Earth atmospheric oxygen
is consumed by reactions with reduced species
outgassed from Earths interior, or with sur-
face minerals (Catling 2014). Assuming simi-
lar processes operate on an exoplanet, the rate
of destruction of atmospheric O2 could be in-
ferred. Assuming steady state, this would equal
the rate of oxygen production by all sources,
non-biological plus biological. Thus, the total
production rate of O2 might be inferred. In
order for a production rate to be attributable
to life, the non-biological production rate must
be known a priori to be smaller than at least
some likely values of the biological production
rate. Our Detectability Index distinguishes
those planets for which a gas, in this case oxy-
gen, could be a definite biosignature, from those
for which oxygen is not a clear biosignature. In
this context, not a clear biosignature does not
mean oxygen is not produced by life; it means
oxygen is not definitively produced by life. In
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other words, it is necessary to disentangle the
nonbiological and biological sources and sinks
of a biosignature gas. Here we describe two
novel ideas in astronomy. First, we show neces-
sity of the detectability index to identify poten-
tially fruitful astrobiological exoplanet targets.
Second, we demonstrate the utility of the de-
tectability index by assessing the potential de-
tectability of life on Earth-sized planets with
increased surface water.
3. DETECTABILITY INDEX
FRAMEWORK BENCHMARK: EARTH
Here we calculate a Detectability Index for O2
on Earth, where a balance of biological and ge-
ological sources and sinks maintains the steady
state atmospheric oxygen concentration ([O2]),
i.e., net oxygen production:
Net O2 production=
[Sourcegeo−Sinkgeo]+[Sourcebio−Sinkbio]=0,
(2)
where Sourcegeo is photolysis, Sinkgeo is oxida-
tion of reduced species, Sourcebio is oxygenic
photosynthesis, Sinkbio is aerobic respiration,
[Sourcebio Sinkbio] = net biological O2 produc-
tion, and [Sourcegeo Sinkgeo] = net geological
O2 production. On Earth, oxygen is considered
a valid biosignature because it is overwhelm-
ingly produced by life (we refer the reader to
Catlings (2014) comprehensive review of oxygen
on Earth). Oxygenic photosynthesis on Earth
today produces a gross flux (Sourcebio) of ∼104
Tmol O2 yr
-1 (1 Tmol yr-1 = 1012 moles per
year) through the following reaction:
CO2+H2O
hν−−→“CH2O”+O2, (3)
where CH2O represents a simplified carbohy-
drate to balance the chemical reaction. More
generally, CH2O is shorthand for the organic
carbon produced by organisms that also carries
nitrogen, phosphorus, sulfur, and trace elements
in broadly universal stoichiometric amounts.
Organic carbon and O2 are produced in a 1:1
stoichiometric ratio. Aerobic respiration (i.e.,
organic carbon oxidation, Sinkbio) is the re-
verse reaction and consumes a nearly equiva-
lent ∼104 Tmol O2 yr-1. Some organic carbon
is oxidized via anaerobic respiration, but the re-
duced species produced (e.g., S2-, or Fe2+) are
assumed to be re-oxidized by O2, so the moles
of oxygen are not double counted (Hartnett &
Devol 2003). The imbalance between produc-
tion and respiration is ultimately the biological
source of atmospheric oxygen. When one mole
of organic carbon is buried in marine sediments
and escapes degradation, the corresponding one
mole of O2 is stranded in the atmosphere. On
Earth today, the organic carbon burial rate cor-
responds to a net biological production of ∼20
Tmol O2 yr
-1.
The non-biological O2 production rate (by
photolysis of H2O and subsequent hydrogen es-
cape, i.e., Sourcegeo) is three orders of magni-
tude smaller, only 0.02 Tmol O2 yr
-1. Oxy-
gen is consumed (Sinkgeo) by reduced iron and
reduced sulfur minerals or dissolved ions (e.g.,
Fe2+ and HS-), derived from rocks (the so-called
rock buffer). Oxygen also reacts with reduced
gas species supplied through volcanism or ser-
pentinization (e.g., H2, H2S, CO, and CH4).
These yield a lifetime of an O2 molecule against
destruction. To first order, the total destruc-
tion rate is proportional to the number of moles
of O2 in the atmosphere, NO2 , divided by the
lifetime (τ); and the rate of change of atmo-
spheric oxygen in steady state is the production
rate minus the destruction rate, which is zero in
steady state.
dNO2
dt
=
Sourcegeo+(Sourcebio−Sinkbio)−
NO2
τ
=0
(4)
There are exceptions to this for example, oxy-
gen is not the limiting species in reaction with
massive sulfides at ridge axes (Sleep 2005) but
destruction of O2 is dominated by reaction with
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reduced volcanic gases and reduced minerals
(Catling 2014). Estimation of the lifetime is
necessary to convert the observed abundance of
O2 in the atmosphere into a destruction rate,
and therefore a total production rate. The rate
of consumption of O2 via respiration (Sinkbio)
and reduced species oxidation (Sinkgeo) pro-
ceeds on Earth today at approximately 20 Tmol
O2 yr
-1, balancing the biological net produc-
tion of O2, and creating an instantaneous steady
state 20% O2 mixing ratio in the atmosphere. It
follows that DI for oxygen on Earth is:
DI(O2,Earth)=
log10(
Net biological O2 production
Geological O2 production
)=
log10(
(Sourcebio−Sinkbio)
Sourcegeo
)
DI(O2,Earth)=
log10(
20 Tmol yr−1
0.02 Tmol yr−1
)=3.
(5)
In this example the (net) biological produc-
tion rate of O2 exceeds the geological produc-
tion rate by three orders of magnitude. Because
we can estimate geochemical rates to reasonable
precision and we know that DI(O2, Earth) is a
large positive number, we recognize oxygen as a
valid biosignature on Earth, and thus, possibly
on similar exoplanets. A DI ≤ 0 on an exo-
planet would indicate that net biological pro-
duction rates do not exceed geological rates; on
such a planet we could not conclude with con-
fidence that any of the total production rate of
the gas (here, O2) is attributable to biological
processes.
Our ability to infer life requires knowledge of
geochemical cycles. While the geochemical cy-
cles on Earth are constrained, albeit to only tens
of percent, it is unlikely that we can infer the
geochemical cycles on even the best resolved ex-
oplanet with anywhere near the precision we
have for Earth. However, geochemical cycles
can be approximated, allowing us to identify ex-
oplanets for which oxygen will not be a biosig-
nature. This will allow us to estimate a De-
tectability Index and systematically prioritize
other exoplanets for limited follow-up observa-
tions. Planets for which geological production
rates of oxygen likely dominate over the possible
biological production rates of oxygen will have
DI(O2, exoplanet) < 0. These planets should
be de-prioritized for observations searching for
signs of photosynthetic life because any oxygen
in the planets atmosphere always could be solely
attributed to geological processes. Planets for
which estimated geological and biological rates
are approximately equal (DI ∼01), while bet-
ter, also would be difficult to assess because
one still could not definitively attribute, within
uncertainties, a biological origin to the atmo-
spheric oxygen. Atmospheric oxygen could only
be ambiguously attributed to life. Only those
exoplanets with the largest, positive values of
DI(O2, exoplanet) should be prioritized for fu-
ture observations in our search for life.
This approach goes far beyond questions of
habitability and whether liquid water can exist
on the surface. It even goes beyond assump-
tions that O2 is always a robust biosignature
gas except perhaps for a limited number of sce-
narios where it is a false positive. That leads
to binary decisions about exoplanets: oxygen is
not considered a biosignature on some exoplan-
ets, but is considered as good a biosignature as
on Earth for all other planets. Our approach
recognizes that the reliability of a biosignature
is on a sliding scale, which helps us to priori-
tize exoplanets for follow-up observations. This
approach demands that we strive for an inte-
grated understanding of the geochemical cycles
of an exoplanet, using as much compositional
and geophysical information as possible in or-
der to constrain the expected range of geologi-
cal rates. Below we show that currently avail-
able measurements (e.g., planet radius), mod-
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eled properties (e.g., bulk water content and
surface temperature), and approximated geo-
chemical cycles can be used to quantify the de-
tectability of oxygen as a biosignature on plan-
ets with significant amounts of water.
3.1. Detectability Index of Oxygen on Earth
We first consider the detectability index in the
context of Earth. We begin by reviewing how
geochemical cycles control the gross produc-
tion and accumulation of oxygen on this planet.
Earths biosphere maintains a net O2 production
rate that is 1000 times the gross geological oxy-
gen production rate, creating a strong oxygen
biosignature (see eq. 5). This is a large ratio,
but is surprisingly dependent on many factors:
not just the presence of liquid water and habit-
able temperatures, but also the fluxes of nutri-
ents and trace metals. On Earth today, these
are provided and maintained through geochem-
ical cycling of the surface environment. How to
translate the abundance of oxygen in an atmo-
sphere to a production rate demands quantify-
ing the destruction rate of oxygen, which is sur-
prisingly dependent on other factors. For exam-
ple, the geological conditions of a planet may be
sufficiently reducing as to consume most or all
of the biological oxygen production (i.e., Sinkgeo
>> (Sourcebio + Sourcegeo)), as may have been
the case during the Archean eon of Earths his-
tory.
To demonstrate the effectiveness of the de-
tectability index in helping to prioritize obser-
vational targets based the plausible robustness
of their candidate biosignatures, we start with
the example of Earths oxygen. Here we describe
three categories of geological processes that are
necessary to detect atmospheric oxygen. First,
the surface must be habitable; by that we mean
that the planets climate must be regulated such
that liquid water can exist on the surface (Fig-
ure 1a). Second, life must be capable of produc-
ing oxygen (Figure 1b). Here we assume Earth-
like, oxygenic photosynthetic organisms (see eq.
3). Finally, the geological and atmospheric con-
ditions must be such that the biosphere has suf-
ficient access to nutrients such that the net bio-
logical production of oxygen is: a) greater than
zero, and b) significantly greater than the ge-
ological (abiotic) production of oxygen (Figure
1c).
3.2. Geochemical Cycles Relevant to Climate
and Oxygen Production
3.2.1. Climate: The Carbonate-Silicate Cycle
Earths long-term climate is stabilized by the
carbonate-silicate cycle, as illustrated in figure
1a. This feedback cycle controls the CO2 con-
tent of the atmosphere, and therefore modu-
lates the acidity of rainwater and the oceans,
as well as the surface temperature, through the
greenhouse effect (Berner et al. 2003; Berner
2003; Walker et al. 1981). The negative feed-
back of the carbonate-silicate cycle may have
helped Earth retain habitable surface conditions
throughout its multi-billion-year history. For
example, the ocean-atmosphere system contains
roughly 3 x 106 Tmol CO2 which is held at
steady state by a combination of production by
volcanic degassing (+3.7 Tmol CO2 yr
-1) and
continental weathering (+22 Tmol CO2 yr
-1),
and consumption by carbonate deposition (24.1
Tmol CO2 yr
-1) and hydrothermal carbonatiza-
tion of rocks (1.6 Tmol CO2 yr
-1; e.g., Sleep &
Zahnle 2001).
The key reaction, and the one that intro-
duces climate-stabilizing negative feedback, is
the weathering of continental carbonates (e.g.,
calcite [CaCO3]), coupled with carbonate de-
position (Berner 2003; Berner et al. 2003;
Berner 1993). In short, if CO2 builds up in
the atmosphere, the surface temperature in-
creases through the greenhouse effect; increased
temperature causes increased silicate weather-
ing because the rate at which silicates can
be exposed and physically weathered increases
with increased temperature and rainfall (Walker
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et al. 1981). This increased weathering rate in-
creases the drawdown of CO2, thereby slowing
the buildup of CO2 in the atmosphere, lead-
ing to a negative feedback. This negative feed-
back maintains habitable surface temperatures
that would otherwise continue to increase due
to greenhouse warming.
3.2.2. Oxygen Accumulation: The Role of Carbon
Burial
Oxygen is biologically produced on Earth by
oxygenic photosynthesis using carbon dioxide
(eq. 3); the reverse reaction (respiration) con-
sumes oxygen and produces carbon dioxide. If
these reactions were equally balanced through
Earths history, the atmosphere would be anoxic.
Oxygen only builds up in the Earths atmo-
sphere as a result of organic carbon burial in
sediments, as illustrated in figure 1b. Most of
the organic carbon produced during photosyn-
thesis is rapidly oxidized (respired) using the
oxygen that is also produced during photosyn-
thesis. It is a small imbalance in production
relative to consumption that generates oxygen.
This net biological production of O2 although
only a fraction of the gross production rate by
photosynthesis, occurs at a rate that is orders
of magnitude greater than the geological oxy-
gen production rate (due to photolysis of wa-
ter followed by hydrogen escape). Burial of or-
ganic C is strongly influenced by the presence
of ballast minerals, such as clays, carbonates,
or silicates (Armstrong et al. 2001; Keil et al.
1994; Kennedy 2002; Mayer 1994; Ransom et al.
1998); organic carbon is delivered to the seafloor
very efficiently when adsorbed to sinking parti-
cles. When organic carbon is buried rapidly,
it can escape oxidation. Therefore, the oxygen
accumulation rate on Earth is controlled both
by the fine-grained sedimentation rate and by
the respiration (carbon oxidation) rate. Phys-
ical weathering on land is the primary source
of fine-grained sediments; it provides a control
on organic carbon export from the continents
(Galy et al. 2015). Sedimentation rates on the
continental margins can be as high as 200 mm
kyr-1, compared to ∼1 mm kyr-1 in the deep-
est ocean basins. As a result, on Earth, > 90%
of organic C is buried on continental margins
(Berner 1989, 1982; Burdige 2005). It is diffi-
cult to precisely constrain the rate at which C
is buried in sediments, but it is estimated that
18.4 ± 7.8 Tmol O2 yr-1 is added to the at-
mosphere by these processes, all of which are
biologically mediated (Catling 2014).
3.2.3. Limitations on Oxygen Production:
Nitrogen and Phosphorus
Earths atmospheric abundance of oxygen is
controlled both by the rate at which it is pro-
duced and the rate at which it destroyed (i.e.,
reduced, removed from the atmosphere). The
oxygen production rate is primarily limited by
the availability of essential nutrients like N and
P. The oxygen destruction rate is controlled by
the abundance of geochemical reductants that
are supplied by the same physical processes that
weathers silicates and sediments.
Geochemical cycles relevant to nitrogen and
phosphorus supply are shown in figure 1c. Ni-
trogen is ubiquitous in life in the nucleotide
bases of DNA and RNA, in amino acids, and in
adenosine triphosphate (ATP, the energy cur-
rency of life). Similarly, P is present in DNA,
RNA, and ATP as well as in cell membranes as
phospholipids. In bulk plankton (phytoplank-
ton and zooplankton), for every 106 C atoms
there are 16 N atoms and 1 P atom. This
106:16:1 proportion is known as the Redfield ra-
tio (Redfield 1934). Small variations about the
canonical Redfield ratio are observed in some
environments; however, the average C:N ratio in
most organisms is approximately 7 and the aver-
age C:P ratio is approximately 100. On Earth,
phosphorus seems to be the limiting nutrient
in long-term oceanic primary production (Bjer-
rum & Canfield 2002; Broecker 1983; Broecker
& Peng 1982; Holland 1978; Tyrrell 1999) be-
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Figure 1. Biogeochemical cy-
cles relevant to habitability (a),
oxygen accumulation (b), and bi-
ologic oxygen production limita-
tions (c) on Earth. Element trans-
port and/or reactions are shown
using colored lines and element la-
bels where red is carbon dioxide
(or carbonate), orange is calcium,
cyan is water, magenta is organic
carbon, blue is oxygen, brown is
sediment, black is reductants (e.g.
H2 & Fe
2+), green is nitrogen,
and purple is phosphorus. Arrow
widths correlate roughly with the
magnitudes of the rates. Active
processes have solid lines and in-
active or greatly reduced processes
have dashed lines. Red blobs sug-
gest the presence of melt and/or
tectonic processes. Note: out-
gassing and weathering can occur
on both mafic and felsic crust and
may have different rates for the
two different environments.
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cause organisms have evolved the ability to fix
atmospheric N2 into the biologically useful form,
NH4
+.
Nitrogen, as N2, is the most abundant gas
in Earths atmosphere. Despite its abundance,
N often can be a limiting nutrient for life, al-
though usually life is more limited by P. Life re-
quires N as oxidized nitrate (NO3
-) and nitrite
(NO2
-), or reduced ammonium (NH4
+). Al-
though thermodynamically favored, reaction of
N2 with O2 to form nitrate and nitrite is kinet-
ically inhibited. Nitrogen fixation (conversion
of N2 gas into NH4
+) on modern (but preindus-
trial) Earth is mostly biologically mediated, at
a rate of about 9 Tmol NH4
+ yr-1 (Gruber &
Galloway 2008). Biological nitrogen fixation is
mediated by diazotrophic microbes using nitro-
genase enzymes that have weathering-derived
metals (usually Mo, but occasionally Fe or V)
at their reaction centers (Burgess & Lowe 1996;
Eady 1996). Aside from biological production,
N2 is also fixed by lightning strikes that cause N2
and O2 (or N2 and CO2) to react and form NOx
(nitrogen oxides) that react with water to form
nitrite or nitrate (Franzblau 1991; Harman et al.
2018). Fixation by lightning proceeds at a rate
of∼0.2 0.3 Tmol NO3- yr-1 (Borucki & Chamei-
des 1984; Gruber & Galloway 2008). Significant
atmospheric N2 can be expected to persist for
billions of years, and even in the absence of bi-
ological nitrogen fixation, it seems bioavailable
nitrogen would be produced at the rate at which
lightning can fix it, up to 0.3 Tmol NO3
- yr-1.
The phosphorus cycle on the modern (but pre-
industrial) Earth has been reviewed by Filip-
pelli (2008). Phosphorus is introduced into the
surface environment in the form of phosphate-
bearing minerals, mainly apatite minerals such
as calcium fluorapatite or hydroxylapatite, e.g.,
[Ca10(PO4)6(OH,F,Cl)2], in igneous rocks (Fig-
ure 1c). As continental rocks bearing these min-
erals weather and are exposed to slightly acidic
rainwater, dissolution of phosphate minerals re-
leases P-bearing ions through reactions such as
the following:
Ca5(PO4)3OH+H+
H2O−−→5Ca2++3PO43−+H2O. (6)
The dissolved phosphate is transported to the
oceans by rivers. Using data from Meybeck
(1982) and Froelich et al. (1982), Berner and
Rao (1994) calculated the total P flux into the
oceans to be roughly 0.07 ± 0.02 Tmol P yr-1;
we adopt this same number here. The P flux
to oceans is the major limit on global primary
productivity, although organisms are adept at
conserving and recycling P in the biosphere (Fil-
ippelli 2008; Boyle et al. 2014).
A summary of the relevant geochemical pa-
rameters for net oxygen production for Earth
(and two other planet types, described below
in section 4) is presented in table 1. Addition-
ally, oxygen is consumed by reactions with re-
duced gases (e.g., methane) and reduced miner-
als (e.g., sulfides) so that steady state is main-
tained. The surface environment is highly oxi-
dizing, so the rates of these reactions are limited
by the geological and biological supply of these
reduced species.
4. DETECTABILITY OF LIFE ON
EXOPLANETS USING OXYGEN
4.1. Is Life Detectable on Pelagic Planets and
Water Worlds?
To demonstrate the utility of the Detectability
Index, and to illustrate our approach to using
it, we apply it to putative Earth-like exoplan-
ets. Our goal is to determine to what degree
a planet can be not Earth-like before oxygen is
no longer a reliable biosignature. We specifi-
cally investigate the change in the DI for plan-
ets with different water content, and ask how
much water a planet can have before DI is no
longer strongly positive. For the purposes of
this paper we stipulate these planets are Earth-
like in all other ways, including mass, radius,
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Table 1. Summary of geochemical conditions for oxygen production on
Earth, pelagic planets, and water worlds. All units are Tmol yr-1 except
CO2 concentration.
Parameter of Interest Earth Pelagic Planet Water World
Atmospheric CO2 (bar) 4× 10−4 10−4 to 10 10−4 to >10
Total Nitrogen Production 9 0.03 0.03
Biological 8.7 0.02 0.02
Non-Biological 0.3 0.01 0.01
Phosphorus Production 0.07 1.6× 10−4 0 to 1.6× 10−4
bulk composition, presence of plate tectonics,
a biosphere capable of oxygenic photosynthesis,
etc., so that we can isolate the effects of changes
in water content alone. We find it useful to de-
fine two planet types (Table 2) with respect to
water:
1. “pelagic planets” with 0.2 to 1 weight per-
cent (wt%) water at their surface, the
equivalent of 8 to 40 oceans, enough to
submerge all land (Cowan & Abbot 2014);
and
2. “water worlds” with > 1wt% water at
their surface, an ocean that will be suf-
ficiently deep to form high-pressure ice
layers (mantles) between the liquid water
and the rocky crust (Fu et al. 2010; Le´ger
et al. 2004; Kuchner 2003).
We define these two classes of planets in part
because water-rich planets are strongly moti-
vated by theory and by new observations. In-
deed, it is often a challenge to explain why
Earth is so remarkably dry (e.g., Sasselov &
Lecar 2000). Earths surface hydrosphere makes
up only 0.025wt%, or 1/4000th of its total mass
(Le´cuyer et al. 1998). It is estimated that only a
few more oceans of water are stored (technically
as OH or interstitial H) in minerals in the Earths
mantle (Luth 2014; Mottl et al. 2007). The
Earths bulk water content, ∼0.08wt%, is small
compared to many other bodies in our own solar
system, such as carbonaceous chondrites (up to
13wt% water: Alexander et al. 2012), Europa
(roughly 10wt%: Anderson 1998), and Ceres
(roughly 21wt%: Desch & Neveu 2017; Mc-
Cord & Castillo-Rogez 2018). Models in which
Earth acquired its water by accreting carbona-
ceous chondrite-like material suggest a range
of water contents from < 1 ocean (< 0.01wt%
H2O) to > 100 oceans (> 2.5wt% H2O), with
10 30 oceans (∼0.25 0.75wt% H2O) perhaps
being typical (Raymond et al. 2004). In fact,
the TRAPPIST-1 system likely contains several
nearly Earth-mass planets with ≥ 8wt% H2O,
corresponding to ≥ 250 Earth oceans of wa-
ter (Gillon et al. 2016; Unterborn et al. 2018).
Therefore, H2O mass fractions of up to several
percent must be considered likely outcomes of
planet formation.
Pelagic planets and water worlds may have
geochemical cycles reasonably similar to Earths.
Despite this similarity, increased surface water
will have profound effects on geochemical pro-
cesses that impact chemical alteration of rocks,
ocean pH, physical weathering, sediment pro-
duction, nutrient availability, and ultimately at-
mospheric oxygen. The existence of exposed
land, we show, is a major control on the geo-
chemical cycles, which is why we distinguish
pelagic planets with no land from Earth-like
planets with land. Likewise, the existence of
a high-pressure ice layer between the ocean and
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the rocky portion of a planet can greatly im-
pact the geochemical cycles, which is why we
distinguish between pelagic planets and water
worlds. Here we aim to show how increased sur-
face water would affect each of these processes
on pelagic planets and water worlds.
4.2. Test Case 1: Pelagic Planets
4.2.1. Carbonate-Silicate Cycle
On a pelagic planet, the carbonate-silicate cy-
cle may act differently than on Earth, because
the rate of continental weathering will be differ-
ent if the continents are submerged under sev-
eral kilometers of water (Figure 2a). We ar-
gue that mechanical weathering at the seafloor
would be lower than on the continents, given
that deep ocean currents have lower shear ve-
locities than rivers, limiting their ability to en-
train, expose, and mechanically weather under-
lying sediment. We acknowledge that seafloor
turbidity currents (high-speed, destructive, al-
beit intermittent, gravity flows) could still oc-
cur, but their role in seafloor weathering is very
poorly constrained. Many turbidity currents on
Earth are initiated by river flow events from
the continents and therefore, we assume there
may be fewer events overall on pelagic plan-
ets. Chemical weathering will still occur, but
because continental rock interacts with ocean
water with relatively high pH ≈ 8.2, rather than
with rainwater at pH ≈ 5, the rate may be sub-
stantially reduced (Liljestrand 1985). Another
factor limiting weathering is the lowered perme-
ability of rocks under pressure (pore spaces tend
to close completely at pressures above ∼3 kbar
(e.g., Walsh & Brace 1984; Yang & Aplin 2004).
All of these factors suggest alteration of subma-
rine rocks should be much slower than alteration
of subaerial rocks. We therefore posit two end-
member scenarios: one in which CO2 drawdown
is completely inhibited and CO2 builds up in
the atmosphere to tens of bars levels; and one
in which CO2 drawdown still proceeds, and the
climate is relatively Earth-like despite the lack
of continents.
A pelagic planet on which CO2 built up to
tens of bars would be distinctly not Earth-like.
It may be difficult to know from observations of
such an exoplanet exactly how much CO2 was
in the atmosphere, and whether temperatures at
the surface would be temperate or Venus-like. It
would certainly be difficult to predict the geo-
chemical cycles with as much confidence as they
could be for an Earth-like planet. Fortunately,
such exoplanets also would be easily recognized
by transmission spectroscopy or other observa-
tions, and planets whose atmospheres are dom-
inated by CO2 could be deprioritized.
The other outcome may be more likely,
though. Sleep and Zahnle (2001) considered the
effects of removing continents from the modern
carbon cycle (see their Figure 4). They asserted
that chemical alteration of the newly exposed
seafloor at spreading centers would still remove
a comparable amount of CO2, about 3.3 Tmol
CO2 yr
-1. If chemical alteration proceeded at
these rates, the conditions on a pelagic planet
would be very Earth-like: the atmosphere would
contain ∼1 mbar partial pressures of CO2, and
the oceans would have pH near 8.
4.2.2. Oxygen Accumulation
Carbon burial on Earth is most efficient with
high rates of sediment, delivered by physical
weathering on the continents. On a pelagic
planet, weathering and therefore sedimentation
would be vastly different. Physical weathering
of carbonates operates differently in the sub-
marine environment compared to subaerial en-
vironments (Figure 2b), and is likely to lead to
lower rates of carbon burial. Typical seafloor
currents on Earth (driven by thermohaline cir-
culation) flow at speeds of a few to tens of cm
s-1 at most (Broecker & Peng 1982), too slow,
generally, to drive significant erosion (compared
to rainfall-driven erosion on Earth). It is pos-
sible that some fine-grained sediment could be
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Figure 2. Biogeochemical cycles
relevant to habitability (a), oxy-
gen accumulation (b), and biologic
oxygen production limitations (c)
on pelagic planets. Element trans-
port and/or reactions are shown
using colored lines and element la-
bels where red is carbon dioxide
(or carbonate), orange is calcium,
cyan is water, magenta is organic
carbon, blue is oxygen, brown is
sediment, black is reductants (e.g.
H2 & Fe
2+), green is nitrogen,
and purple is phosphorus. Arrow
widths correlate roughly with the
magnitudes of the rates. Active
processes have solid lines and in-
active or greatly reduced processes
have dashed lines. Red blobs sug-
gest the presence of melt and/or
tectonic processes. Note: out-
gassing and weathering can occur
on both mafic and felsic crust and
may have different rates for the
two different environments.
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generated on a pelagic planet, but the rates
of geologically driven sedimentation are likely
to be very much lower than on Earth. How-
ever, sedimentary particles on a pelagic planet
could be derived directly from the biomass itself
through two main processes. The first process
is deposition of siliceous ooze, a deep-sea sedi-
ment type covering 15% of Earths ocean floor,
comprised primarily of the silica-bearing shells
of diatoms and radiolarians. The second pro-
cess involves particulate organic matter derived
from heterotrophic zooplankton, which creates
a flux of organic matter in open-ocean sediments
of ∼7.6 Tmol C yr-1 on Earth. This flux derived
from zooplankton is strictly governed by the
rate of primary production, addressed in section
4.2.3 (Honjo et al. 1982). We can assume a 1:1
molar ratio of carbon burial to oxygen accumu-
lation, however this assumption breaks down if
organic carbon is fixed by anoxygenic photosyn-
thesis. Considering the necessity of biologically-
derived sediments for carbon burial, it is neces-
sary to consider geochemical limitations of bio-
logical processes.
4.2.3. Limitations to Oxygen Production
On Earth, biological N fixation is co-limited
by P and metals, such as Mo or Fe (San˜udo-
Wilhelmy et al. 2001). However, due to the re-
duced weathering rates on pelagic planets, the
availability of these necessary elements may be
significantly lower (figure 2c). Based on the P
limitation reported by Saudo-Wilhelmy et al.
(2001) and our estimated P flux (given below
as ∼0.00016 Tmol P yr-1), we estimate bio-
logical N fixation could be limited to < 0.02
Tmol N yr-1, because of P limitation. How-
ever, it is reasonable to assume that N2 would
still build up in the atmosphere of a pelagic
planet because lightning could nonbiologically
fix nitrogen (Harman et al. 2018). The pres-
ence of water clouds seems sufficient to trig-
ger lightning, as lightning is known to occur in
the water clouds on Jupiter and Saturn (De-
sch et al. 2002). The same conditions of con-
vective thunderstorms and water clouds can be
expected to exist on pelagic planets. However,
lightning strikes over the ocean are much rarer
than strikes over land, by a factor of about 30
(Williams & Stanfill 2002). While we must con-
sider the rate of nitrogen fixation on a pelagic
planet to be highly uncertain, it is reasonable
to estimate 0.3 Tmol N yr-1 ÷ 30 ≈ 0.01 Tmol
N yr-1, roughly three orders of magnitude lower
than biological fixation on Earth, but still po-
tentially greater than a limited biological fix-
ation rate on the exoplanets. This provides a
floor to the production rate of biologically use-
ful nitrogen.
The phosphorus cycle is likely to be signif-
icantly curtailed on a pelagic planet, as com-
pared to Earth, as rates of submarine physi-
cal weathering appear to be significantly lower
than rates of subaerial physical weathering (Fig-
ure 2c). Comparing an estimate of maximum,
long-term submarine erosion rates of 35 m Myr-1
with the presumably maximum, long-term sub-
aerial erosion rates of 200 m Myr-1, we conclude
that weathering and exposure of rock occurs
at least 6 times more slowly under water than
on land, albeit with much uncertainty (Dun-
can & Keller 2004; Galy & France-Lanord 2001;
Menard 1961; Sharp & Clague 2006; Smoot
1985, eq.,). The rates of chemical dissolution
that release phosphate also would be slower, due
to the sensitivity of the reaction to pH as shown
in the equation:
log10RP=−nH+×pH (7)
where RP is the rate of P release (e.g., moles
of phosphate released per time, per g of rock)
and nH+ is a mineral-specific constant, equal
to 0.82 for fluorapatite (Adcock et al. 2013;
Cha¨ırat et al. 2007). In brief, the reaction will
proceed 77 times slower at a pH of 8 compared
to the pH of rainwater at 5.7. The combined
effects of reduced physical weathering and re-
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Table 2. Surface water mass and ocean volume for each of the example planet
types.
Planet Type Bulk H2O Mass Fraction (wt%) Oceans of Surface Water
Earth 0.03 1
Pelagic Planet 0.2 to 1* 8 to 40*
Water World > 1† > 40†
Note—*(Cowan & Abbot 2014)
†(Fu et al. 2010; Kuchner 2003; Le´ger et al. 2004)
duced chemical dissolution reduce the input rate
of phosphate into the ocean by a combined fac-
tor ∼440 compared to Earth. We therefore con-
sider the maximum input rate of phosphate into
the oceans to be ∼0.00016 Tmol P yr-1. As
the phosphate supply rate from weathering is
lower on a pelagic planet than on Earth, the
phosphate concentrations in its oceans may also
be reduced compared to Earths deep-sea con-
centration of 50 nM (Wheat et al. 2003). Us-
ing a simple box model like that of Broecker
(1983), we estimate the average phosphate con-
centrations on a pelagic planet might be as
low as 1.6 nM, approaching the limits of what
the most common open ocean cyanobacterium,
Prochlorococcus, needs to reproduce.
Comparing the two nutrient fluxes, 0.03 Tmol
N yr-1 and 0.00016 Tmol P yr-1, it is likely that
P will be the limiting nutrient in the biosphere,
even considering that life consumes roughly 16
times as much N as P (assuming a Redfield ra-
tio of 16:1 N:P). Considering a P-limited planet
with no non-biologically produced sediments (as
described in section 4.2.1), and a range of Earth-
like P:C ratio in buried carbon (0.1 0.4%), we
identify a range of carbon burial rates 0.04 0.2
Tmol C yr-1, which produces a net O2 export
rate to the atmosphere of 0.04 0.2 Tmol O2
yr-1 on pelagic planets (Froelich et al. 1982):
0.00016 Tmol P yr−1×250 C:P×1 O2:C=0.04 Tmol O2 yr−1
0.00016 Tmol P yr−1×1000 C:P×1 O2:C=0.2 Tmol O2 yr−1
(8)
4.3. Test Case 2: Water Worlds
4.3.1. Carbonate-Silicate Cycle
Water worlds are defined to be those with
enough surface water to create pressures of at
least ∼2 GPa at their seafloors, producing a
high-pressure ice layer between the ocean and
the rocky interior (Le´ger et al. 2004). Many
aspects of this configuration would change the
carbonate-silicate cycle as we know it, creating
a planet that is wholly not Earth-like (Figure
3a). Even the direction of the changes is un-
clear. In contrast to pelagic planets, the out-
gassing of CO2 from silicate melts very likely
would be suppressed at pressures > 100-200
MPa due to the presence of a high-pressure
ice layer (Kite & Ford 2018). This would ef-
fectively reduce or eliminate the influx of CO2
to the atmosphere, leading to a colder planet,
and one on which the carbonate-silicate cycle is
no longer self-regulated (Cowan & Abbot 2014).
On the other hand, it may be more difficult to
sequester CO2 as carbonates in a deep ocean.
On Earth carbonate is removed from solution
through the precipitation of calcium carbonate
minerals. However, if the deep ocean on a water
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world is undersaturated with respect to CaCO3,
similar to modern Earth (i.e., below the car-
bonate compensation depth, ∼3000-5000 m in
Earth’s modern ocean), the long-term precipita-
tion and deposition of calcium carbonate would
be virtually impossible. This effect is due to the
(atypical) increase in the solubility of calcium
carbonate with increasing pressure and decreas-
ing temperature. It is worth noting that other
carbonate minerals, for example sodium carbon-
ate, exhibit the typical decreased solubility (in-
creased mineral stability) with increases in pres-
sure and decreases in temperature. Again, these
would be rather not Earth-like conditions. It is
possible that the water world ocean could be
saturated with respect to CaCO3, enabling the
precipitation and burial of carbonate minerals.
Therefore it is conceivable that some form of
carbonate-silicate cycle might be maintained i)
if water existed at the ice-rock interface (cf.,
Noack et al. 2016; Kalousova´ & Sotin 2018;
Kalousova´ et al. 2018) allowing weathering of
rock, and the products of weathering were ad-
vected through the ice layer, ii) if precipitation
of sodium carbonate were enabled (cf., Marion
2001), and iii) if this precipitate were advected
back down through the ice layer. Whether all
these effects could occur and enable an Earth-
like negative feedback against a runaway green-
house effect, is unclear. As with pelagic planets,
if CO2 were not sequestered and did build up in
the atmosphere of a water world sufficient to
lead to very different ocean chemistry, it could
be detected, and such a planet deprioritized in
follow-up observations.
4.3.2. Oxygen Accumulation
Very likely the rate of organic burial on a wa-
ter world is quite similar to that on a pelagic
planet. However, this must be considered a
maximum rate since it assumes a biological
source of sedimented material, which could be
severely limited by nutrient availability (see sec-
tion 4.3.3) depending on the water worlds ice
layer (Figure 3b).
4.3.3. Limitations to Oxygen Production
The nitrogen cycle on a water world would
proceed very similarly to a pelagic planet, with
a total flux of nonbiologically fixed nitrogen
∼0.01 Tmol N yr-1. The phosphorus cycle, on
the other hand, could be shut down entirely
(Figure 3c). In the case where there is liquid
water below the ice layer, the sediment pore
space will be much reduced due to increased
pressure, which will lead to decreased seafloor
weathering (Neveu et al. 2015; Walsh & Brace
1984; Yang & Aplin 2004). Additionally, the
pH of the sub-ice layer water would likely be
greater than 8 and possibly as high as 12, sim-
ilar to Enceladus, greatly reducing the poten-
tial for chemical weathering (Glein et al. 2015).
Similarly, in the case where the ice layer is di-
rectly in contact with solid rock, P production
could cease almost entirely without an aqueous
phase. Compounding this issue, we note that
at slightly higher water fractions, pressures at
the base of the high-pressure ice mantle are so
high that silicate decompression melting is sup-
pressed such that thin or perhaps no melt layers
are possible (Kite & Ford 2018). Therefore, we
consider a maximum rate of net export of O2 to
the atmosphere of water worlds to be∼0.1 Tmol
O2 yr
-1, limited by the lack of fine-grained sedi-
ment (see section 4.3.1) and phosphorus. How-
ever, it is more likely that Sinkgeo > Sourcebio
on water worlds, and that the net export of O2
to the atmosphere of water worlds is ∼0 Tmol
O2 yr
-1, due to P limitation.
4.4. Geological Oxygen Sinks: Pelagic Planets
and Water Worlds
The geological sinks for oxygen on pelagic
planets and water worlds (Table 3) are esti-
mated using results compiled here and data
from Catling (2014). Based on these estimates,
it is possible that oxygen will not accumulate
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Figure 3. Biogeochemical cycles
relevant to habitability (a), oxy-
gen accumulation (b), and biologic
oxygen production limitations (c)
on water worlds. Element trans-
port and/or reactions are shown
using colored lines and element la-
bels where red is carbon dioxide
(or carbonate), orange is calcium,
cyan is water, magenta is organic
carbon, blue is oxygen, brown is
sediment, black is reductants (e.g.
H2 & Fe
2+), green is nitrogen,
and purple is phosphorus. Arrow
widths correlate roughly with the
magnitudes of the rates. Active
processes have solid lines and in-
active or greatly reduced processes
have dashed lines. Red blobs sug-
gest the presence of melt and/or
tectonic processes. Grey layer in-
dicates the presence of a high pres-
sure ice mantle. Note: outgassing
and weathering can occur on both
mafic and felsic crust and may
have different rates for the two dif-
ferent environments. Grey hash
marks on continental crust, melt
features, hydrothermal vents, and
sediment indicate the uncertainty
in the presence of these features on
water worlds.
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in these atmospheres on geological timescales,
considering the oxygen sinks operate at rates
an order of magnitude higher than the oxygen
sources. However, it is also possible that re-
actions with reduced species could be limited
by the supply of oxygen, and that the geolog-
ical oxygen sinks may be lower. As an addi-
tional complication in the case of water worlds,
if silicate melting is reduced or shut off en-
tirely then the geological supply of reductants
(as well as P-bearing minerals) will cease (Kite
& Ford 2018). In short, increased water reduces
both silicate melting and magma degassing, and
without melting these planets would be wholly
not Earth-like and potentially geologically dead.
The amount of water needed to shut off P de-
livery is only ∼2.5wt%, equivalent to about 100
Earth oceans, but still a very small fraction
compared to the typical cosmochemical abun-
dance of water. This creates a unique case
where geological production of oxygen proceeds
without a geological sink, creating a false pos-
itive signal for life. In the case where Sinkgeo
≥ (Sourcegeo + Sourcebio), oxygen would not be
detectable in the atmosphere and the DI of the
planet would be -∞.
4.5. The Importance of Co-occurring Oceans
and Continents
There are many schools of thought regarding
the origin of life on Earth. In many of them, the
presence of continents as well as shallow oceans
is thought to be critical (Allwood et al. 2006;
Guzman & Martin 2010; Mulkidjanian 2009;
Mulkidjanian et al. 2012; Sleep 2018; Sugitani
et al. 2010). The weathering and maturation
of continental crust may have created the ideal
conditions for oxygenic photosynthetic organ-
isms, and it is argued that cyanobacteria (the
first oxygenic phototrophs) may have originated
on land and moved to the oceans (Battistuzzi
et al. 2004; ?; Sleep & Bird 2008). It is in-
triguing that not only the detection of life by
oxygen, but the existence of life that can pro-
duce oxygen, may require the co-occurrence of
oceans and subaerial continents.
5. CONCLUSIONS AND SUMMARY
For exoplanets with different amounts of wa-
ter on their surfaces, we have examined the
likely biological and non-biological geochemical
cycles, especially those relevant to export of O2
to their atmospheres. Oxygen (as O2 or O3)
is a gas that potentially can be measured in
the atmosphere of an exoplanet. If the rates at
which reduced gases and minerals on the sur-
face consume O2 can be reasonably estimated,
and steady state assumed, the production rate
of O2 can be inferred. Oxygen is considered a
biosignature gas because on Earth its net bio-
logical production rate (oxygenic photosynthe-
sis minus respiration), ∼20 Tmol O2 yr-1, is or-
ders of magnitude greater than the production
rate by non-biological processes (photolysis of
H2O, followed by loss of hydrogen), 0.02 Tmol
O2 yr
-1. If observations of an Earth-like planets
atmosphere implied an O2 production rate ∼20
Tmol O2 yr
-1, this could confidently be ascribed
to life; an inferred production rate ∼0.02 Tmol
O2 yr
-1 could not be attributed to life with any
certainty. We have constructed a Detectability
Index (DI) to quantify this difference (summa-
rized in table 3); in this example for Earth, or
Earth-like planets with < 0.2wt% H2O, DI(O2,
Earth-like) = log10(20/0.02) = +3. We have
estimated this index for pelagic planets with
0.2 to 1wt% H2O, and for water worlds with
>1wt% H2O. For pelagic planets, without sub-
aerial weathering of continental rock, produc-
tion of bioavailable phosphorus would be cur-
tailed about 3 orders of magnitude, and the
maximum rate at which an oxygenic photosyn-
thesizing ecosystem could export O2 to the at-
mosphere would be reduced accordingly by 3
orders of magnitude. Reduced rates of nitro-
gen fixation and sediment production are also
potential limitations on net export of O2. We
estimate DI(O2, pelagic planet) ≈ 1 to +1. For
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Table 3. Geological and biological oxygen sources and sinks for Earth, pelagic plan-
ets, and water worlds. All units are Tmol yr-1, except for the detectability index
which has no unit. Estimates for pelagic planets and water worlds are based on
Earth’s submarine systems. All Earth values are from (Catling 2014).
Reactions of Interest Earth Pelagic Planet Water World
Geological (Non-biological)
Oxygen Sources
Photolysis +0.02 +0.02 to +0.6* +0.02 to +0.6*
Oxygen Sinks
Reduced Mineral Oxidation -17 -1 -1 to 0
Reduced Gas Oxidation -5 -4 -4 to 0
Net Geological Oxygen Production -20 -5 -5 to 0
Biological
Oxygen Sources
Oxygenic Photosynthesis +104 ∼ +20 0 to ∼ +20
Oxygen Sinks
Respiration -104 ∼ -20 0 to ∼ -20
Net Biological Oxygen Production ∼ +20 ∼ +0.04 to ∼ +0.2 0 to ∼ +0.2
Detectability Index +3 -1 to +1* -∞ to +1*
Note—* Ranges are due to differences in hydrogen escape for M stars (lower esti-
mate) and G stars (upper estimate)
water worlds with high-pressure ice mantles, ad-
ditional processes limit geochemical cycles im-
portant for net export of O2 by life, and we es-
timate DI(O2, water worlds) < +1. That is, on
pelagic planets and water worlds, net biological
production is at most a factor of 10 higher than
non-biological production, and given uncertain-
ties might be smaller than the non-biological
production rate. We note that uncertainties
in the geochemical cycles governing production
of reduced gases and minerals may add uncer-
tainty in the translation of oxygen content to
oxygen production rate. Whatever total pro-
duction rate is inferred on a pelagic planet or
water world, with DI < +1 it may not be possi-
ble to know with certainty that any of the pro-
duction is due to life at all. Oxygen is not as
reliable a biosignature on pelagic planets and
water worlds as it is on Earth-like planets; in
fact, it may not be a reliable biosignature at
all.
We conclude that for oxygen to be a reliable
biosignature, a planet requires both subaerial
land and water. The detectability of life, as
measured by DI, changes sharply at the transi-
tion to pelagic planets, which effectively limits
our scope to terrestrial planets with < 0.2wt%
H2O. This is a lower water fraction than can
be constrained observationally using exoplanet
mass and radius, with typical precision > 1wt%.
Thus, our proposed strategy for down-selecting
exoplanets essentially should be to select those
with as little water as possible, consistent with
no measurable water. We advocate in future
work (Lisse et al., submitted to ApJL) for incor-
porating the methodology developed here into a
framework for planning observations of exoplan-
ets.
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In this paper, we have estimated the biologi-
cal and geological rates, using relevant rates for
Earth as a starting point. For an exoplanet of
interest, we surely will have less precise knowl-
edge of the biogeochemistry. Due to this lim-
ited information (see review of observation ca-
pabilities in (Fujii et al. 2018)), and stochas-
ticity in planetary evolution models (Lenardic
et al. 2016), we may only be able to predict the
properties of exoplanets statistically (Iyer et al.
2016; Wolfgang et al. 2016). This uncertainty
in geochemical cycles greatly restricts our ob-
servational strategy: in the search for life on
exoplanets, O2 will be a conclusive biosignature
only for the most Earth-like of planets. Con-
sidering these limitations, we propose the de-
prioritization of planets with ≥ 0.2wt% H2O,
at least in searches for life on exoplanets using
atmospheric oxygen. Pelagic planets and water
worlds in the habitable zones of their stars could
be perfectly habitable, and might even produce
measurable amounts of atmospheric oxygen via
oxygenic photosynthesis; but, because the pro-
duction of O2 could not be unambiguously at-
tributed to life, life on these planets would be
undetectable.
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